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Droplet interface bilayer (DIB) networks are considered for the development of stimuli-responsive membrane-based materials inspired by cellular mechanics. These DIB networks are often modeled as combinations of electrical circuit analogues, creating complex networks of capacitors and resistors that mimic the biomolecular structures. These empirical models are capable of replicating data from electrophysiology experiments, but these models do not accurately capture the underlying physical phenomena and consequently do not allow for simulations of material functionalities beyond the voltage-clamp or current-clamp conditions. The work presented here provides a more robust description of DIB network behavior through the development of a hierarchical multiscale model, recognizing that the macroscopic network properties are functions of their underlying molecular structure. The result of this research is a modeling methodology based on controlled exchanges across the interfaces of neighboring droplets. This methodology is validated against experimental data, and an extension case is provided to demonstrate possible future applications of droplet interface bilayer networks. In the search for new biologically inspired materials, one topic of interest is the potential of a material based on cellular mechanics, using the controlled transport of charged ions within a fluidic network for various applications. 1 The primary inspiration for this material is the capability of cellular systems to collectively demonstrate abilities such as voltage generation, 2, 3 cellto-cell signaling, 4 and complex decision making processes. 5 Each of these desired abilities requires the integrated response of multiple units working in parallel towards a common goal. Therefore, this proposed cellular-mimicking material must effectively combine multiple units in large interconnected arrays to best mimic natural cellular systems.
The droplet interface bilayer (DIB) technique 6, 7 is selected for this purpose. DIBs, developed originally by Bayley et al. [6] [7] [8] and Funakoshi et al. 9 and developed further by Ces and coworkers 10, 11 and Sarles and co-workers, [12] [13] [14] [15] have been considered for use as autonomous materials, or stimuli-responsive materials that are capable of independently reacting to changes in their environments. In this approach, liposome-laden aqueous droplets are deposited into oil reservoirs, wherein the contained liposomes migrate to the oil-water interface, spreading into ordered lipid monolayers on the droplet surfaces. Manipulating these lipid-coated droplets into contact creates interfacial lipid bilayer membranes which approximate natural cellular membranes ( Figure 1 ). a) ecfreema@uga.edu
The result is a collection of membranes at the droplet-droplet interfaces that divide the material into collections of isolated aqueous subcompartments.
Unmodified interfacial lipid bilayer membranes are highly impermeable to ions, but they may be modified through the incorporation stimuli-responsive biomolecules such as voltagegated channels, allowing for controlled, selective exchanges between neighboring droplets. Typically, these biomolecules fall into two categories-passive and active. Passive channels allow for transport that follows the electrochemical energy gradient, such as the passive diffusion of ions from a high concentration to a lower concentration. Active proteins, such as bacteriorhodopsin, are able to actively shape the droplet contents through powered transport, generating concentration gradients and charged membranes. These changes in the droplet contents may then be used to communicate the status of the droplet and pass messages through actions similar to action potential generation, demonstrating a collective response within droplet networks. 16 These droplet networks may be assembled in increasingly complex configurations, advancing gradually towards the tissue scale. 8 These systems have traditionally been examined through voltage-clamp methods. An electrical input is supplied by silver/silver-chloride (Ag/AgCl) electrodes piercing the droplets, activating embedded channels and pores. Consequently, electrical circuit models have been the primary method for predicting the system behavior, approximating the material as a series of capacitors and resistors. 17, 18 These models have worked well for replicating experimental data and illustrating the electrical properties of the DIB networks; however, further modeling efforts are necessary to better characterize the systems.
II. METHODOLOGY
A three-tiered multiscale model outlined in Figure 2 is proposed. This model begins at the atomistic level for simulating the embedded biomolecules within the membrane, focusing primarily on passive biomolecules. Data and equations for the channel behavior are then combined with results from continuum electrostatics model designed to address limitations of the FIG. 1. Droplet interface bilayers. Phospholipids are used as an organic surfactant, creating ordered lipid monolayers at oilwater interfaces. Manipulation of these droplets into contact creates interfacial lipid bilayers.
FIG. 2.
The proposed hierarchical multiscale model. Molecular dynamics will be employed to assess the conductivity and mechanics of the embedded transport biomolecules and combined with continuum electrostatics for the assessment of the membranes. Findings from the previous two models are used to develop a functional network model. atomistic model. The membrane and channel data are then injected into a droplet-interactions model for simulating DIB network behaviors. This approach links the observed macroscopic behaviors of the DIB network (such as voltage and current) to the underlying structure and composition of the material.
A. Molecular dynamics model
The first length scale of interest examines the transport biomolecules embedded in the DIB membranes. These complex biomolecules govern transport across the membrane and respond to multiple stimuli ranging from transmembrane potential to physical force. [19] [20] [21] [22] Modeling these biomolecules is best accomplished through molecular dynamics (MD) simulations due to the complexity of the biomolecular structures. MD simulations of the voltage-gated channel formed by the polypeptide Alamethicin (Alm) channel are presented here as an example of this approach. Alm is a passive voltage-gated biomolecule that allows for the flow of ions along their chemical energy gradient between droplets.
Polypeptides bound to lipid bilayer play a significant role in transmembrane signal transduction and cellular mobility. 23, 24 In recent years, a wealth of knowledge was added to literature about polypeptides that form pores in membranes; [24] [25] [26] [27] however, it is a difficult area of study because unlike the transmembrane proteins there is no access to crystallography data of polypeptide channels inside the membranes. 28, 29 Among all polypeptides channels, the most studied channel-forming peptide is Alamethicin. [30] [31] [32] [33] Some studies have already shown the gating behavior of Alm channel and its I-V curve, 24, 27, [34] [35] [36] however, the fundamental insight into the mechanism of gating at molecular level is still unclear. This is rectified by examining the pore diameter as a function of the applied electrical field.
To study the Alamethecin (Alm) channel formation and water/ion conductance through the channel, extensive molecular dynamic simulation using GROMACS 4.5.5 (Ref. 37) were conducted. The CHARMM 27 standard force field was used combined with the TIP3P water model to simulate the interaction between ions, water, and Alm peptide. 38 The simulation temperature is kept constant and is equal to T ¼ 295 K during the whole simulations using Nos e-Hoover thermostat. 39 Initially, the Alm helices were placed with the radius of 0.8 nm inside a patch of lipid bilayer (POPC) with 5 nm Â 5 nm dimensions. Simulations were performed for two cases of 5 helices (16729 atoms) and 6 helices (16893 atoms, Figure 3(a) ). After around 80 ns, the transmembrane water channel is formed (Figure 3(b) ). To find the equilibrated channel radius, the HOLE program 40 was used, providing the initial pore radius in Figure 3 (c). The external electric fields are reported in terms of a transmembrane voltage difference V ¼ EL z , where E is the electric field strength and L z is the length of the simulation system in the z direction. 41 The time-dependent ionic current I(t) was measured, by using the definition of current, I ¼ dq=dt or
where the summation is for all the ions, dt is chosen to be 5 ps, z i and q i are the z-coordinate and charge of ion i, and n is the total number of ions, respectively. The ionic current data are averaged for 20 ns of simulation for each applied bias. Biases ranging from À120.0 to 120.0 mV in axial (transmembrane) direction were applied. Through computing the ionic current, the I-V curve of Alm channel has been generated. For each applied bias, the 80 nsequilibrated structure of 6 Alm channel was used. The Alm(6) bundle I-V curve shows that gating occurs at $670 mV (Figures 3(c) and 3(d)). The I-V curve passes through the origin and is symmetric about it. The conformational changes of Alm helices (radius of channel) with different applied biases (Figure 3 (c)) were computed to understand the gating mechanism of the Alm channels. The constriction regions (constrictions #1 and #2) of Alm channels are designated in Figure 3 (c). The radii of channel at biases ¼ 0, 25, and 50 mV show that the constriction region #1 is mostly intact and constriction region #2 is gradually expanding. At 100 mV, the constriction region #1 opens suddenly, allowing for gating. It is worth noting that the Alm channel did not gate while only one constriction region is open. A channel radius of >0.5 nm in the constriction region is required for the passage of ions and gating of the channels. (The maximum radius of an ion is 0.21 nm and it requires to be hydrated with at least 3 water molecules.) By reversing the direction of applied bias, the role of constriction regions is interchanged. The electrostatic forces exerted on the Alm internal lining residues due to the applied bias and the indirect axial forces originated from electro osmosis flow give rise to the opening of the constriction regions. From this, one concludes that constriction region #2 opens with lower bias compared to constriction region #1.
The computed Alm(6) bundle I-V curve shows symmetric gating. This contradicts observed experimental results, 42 where the gating is uni-directional dependent on the direction of Alm insertion. In the simulations, the insertion of Alm inside the membrane is handled through equilibration 27 and does not capture the insertion of the peptides and subsequent assembly into pores, as this process takes much longer than currently feasible with molecular dynamics. To rectify this gap between the model and experiment, Alm is assigned directionality dependent on the direction of insertion from the bulk into the membrane in other portions of the model.
B. Continuum electrostatics model
Current computing resources limit the practicality of atomistic simulations at the mesoscale, necessitating the use of continuum electrostatics methods. Membrane processes are first modeled through continuum electrostatics, and these results are combined with the atomistic results for the final model. The continuum electrostatics model recognizes that the continuous redistribution of charged ions is largely responsible for the experimentally observed results, and focuses on providing a tractable methodology for studying these phenomena.
The interactions between the charged ions in solution and the developed transmembrane potentials may be described through the Poisson equation (Equation (2)), linking the development of the electrostatic potentials u to changes in a continuous description of the polarization q and the dielectric permittivity e. The permittivity in the droplets is assumed to match the bulk permittivity of water, as the droplet radius typically does not drop below 10 lm, eliminating constriction effects on the permittivity. 43 This electrostatics model approximates the charged ions as a continuum of excess charge or polarization rather than tracking their individual trajectories
Assuming negligible convection in the fluid, the flux of ions in the solution is determined by a combination of electrical migration uzFcdu=dx and chemical diffusion Ddc=dx. Here, J is the ion flux, u is the ion mobility, z is the valence charge, F is Faraday's constant, c is the ion concentration, and D is the diffusion coefficient
When the net flux is zero at equilibrium, ( P J ¼ 0) these combined fluxes allow for the derivation of the classic Boltzmann distribution. Combining this with the Poisson equation (Equation (2)) produces the Poisson-Boltzmann distribution, appropriate for systems operating near or at an equilibrium. 44 This description is suitable for our purposes as the electrical currents are minimized by the impedance of the lipid membranes. Equation (4) is the PoissonBoltzmann distribution for a combination of free ions in solution and fixed lipid charges q f ixed . Here, R is the gas constant and T is the absolute temperature
The solution of these equations with various simplifications 45 allows for the derivation of the electrical circuit analogues as functions of the droplet states, including conductivity, capacitance, and chemical and electrical potentials. This approach links the observed electrical quantities and the resulting material polarization and transport, providing an electrical approximation of the membranes based on their structure and properties.
C. Droplet interactions model
A cumulative network model is developed from the two previous models, employing a droplet-droplet interaction framework. Each droplet is defined as an entity described by a series of values such as volume, ionic concentrations, transport biomolecules, and electrostatic potentials. Differences between neighboring droplets influence their interfacial exchange of contents and charge, gradually altering the droplet composition. The droplet interactions model is combined with the electrical circuit model, 17 linking the observed electrical properties with ion migration and accumulation/depletion. A summary of the model may be seen in Figure 4 .
Droplet model electrical components
Ion species in the system are assigned a valence charge z, bulk diffusion coefficient D bulk , membrane diffusion coefficient D blm , and respective droplet molar concentrations c i . Bulk diffusion coefficients are taken from experimental studies by Samson et al. 46 Cation diffusion is generally lower than anion diffusion across the membrane 47 due to the positive interior dipole potential of the lipid membranes. 48 Since calculated values for individual ion permeabilities through the selected 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) membranes are not available in the literature, a net conductance level will be used from experimental conductivity measurements 49 with cationic conductivity set to half that of the anionic conductivity. The exchange across the membranes is dependent on the electrostatic potential u elec and chemical potential u chem , capturing the competing migration and diffusion forces exerted on the ions in the solution (Equation (3)). Equation (5) is combined with the four-node KCL stencil for the membrane (Figure 4) , 17, 49 and the transmembrane potentials are calculated as the difference in electrostatic potential between the nodes at either side of the membrane (Du elec ). The conductance G bulk of the droplet interiors are updated according to the internal state of the droplets (Equation (7)), and the chemical concentration gradients are allowed to drive diffusion events across the system through Equation (8)
The linear relationship between the conductance and the ionic concentrations (Equation (7)) is valid for conditions with low voltages and low currents, assuming that the voltage is below the electroporation threshold, and assuming ion depletion in the double layers at the interfaces does not occur. 45 All of these assumptions are reasonable for a DIB network.
Droplet model mechanical components
Ionic accumulations and depletions trigger additional actions such as osmotic swelling. While this swelling may be useful for actuation purposes, 50 it is often destructive, rupturing the interfacial membranes, and contributing to droplet coalescence. 51 The osmotic swelling dVol droplet of each droplet is calculated as the summation of the osmotic flux across each of the droplet's interfacial membranes. This is a function of the membrane hydraulic diffusivity K blm , membrane area A blm , existing hydrostatic pressure across the membrane due to varying droplet sizes DP blm , 52 and osmotic pressure p. The osmotic pressure is calculated through a summation of the difference in bulk ion concentrations on either side of the membrane and their respective osmotic coefficients h (assumed to be unity here). The diffusivity K blm is adapted from studies by Negret et al.
Droplet model chemical components
The behavior of the transport biomolecules must be reduced to a more compact thermodynamic form for the droplet-droplet model while still retaining pertinent MD information such as conductivity and gating behavior. This requires an approach similar to the one developed by Endresen et al., 54 calculating the rate of transport across the biomolecules through energetic balances equating the work done by the protein to the work required to transport an ion across the membrane 55 (Equation (12))
These equations must take into account multiple gating behaviors such as voltage, ligand, and tension activation modes. This is accomplished by modifying the overall current through the biomolecule by a gating probability x open , which calculates the likelihood of gating based on comparing the activation threshold to the current condition. For a voltage-activated channel such as Alm, this may be written as 54
The resulting equations for current across a transport biomolecule i bio may be written in a general form as seen in Equation (14), multiplying the open-state conductance of the biomolecule G bio by the gating probability x open predicted by Equation (13) and some function of the transmembrane state f . The function f is selected dependent on the available information-for the Alm simulation presented in the following chapter; the function is simplified to a transmembrane potential dependent conductivity to best fit the data available from the simulations where
4. Solution methodology
A python script was developed to automatically generate the previous interaction equations. Droplets are assembled into networks, and biomolecules are assigned to the shared interfacial bilayers. Ion transport across the droplet chains is handled through a series of linked electrical circuit equations, updating the internal values through Equations (6) and (7) . Each droplet is assigned multiple nodes at the connective bilayers, and the appropriate connections are made with resistor and capacitor elements (Equation (5), Figure 4) . The generated equations provide a large stiff system of differential algebraic equations (DAEs) which are solved using the IDAS solver available from Lawrence Livermore 56 through the CasaDI shell. 57 The end result is a model of droplet-droplet interactions, where the internal properties of each droplet dictate the communications across the interfacial membranes.
III. RESULTS AND DISCUSSION

A. Model validation
The full multiscale approach is validated by simulating a DIB network with Alm channels and comparing to experimental results. Three droplets all containing the Alm biomolecules (5 lg/ml) were deposited in a crate substrate in a linear chain (Figure 5(a) ), allowing for a bidirectional path of Alm channels between the source and ground. Since Alm is present in each droplet in the network, the Alm channels were inserted in both directions in both membranes. A 100 mV 1 Hz sinusoidal voltage was created between the electrodes. At this frequency, the potential evenly distributes across the two membranes (similar to a voltage divider), 17 allowing for initial transmembrane potentials of 50 mV assuming uniform membrane qualities. This level of transmembrane potential is insufficient to activate the Alm channels as shown in Figures 3(c) and 3(d) , and the measured current is primarily a capacitive response to the changing transmembrane potentials, where i ¼ C blm du elec dt . A 50 mV DC transmembrane potential is then combined with the original oscillating potential, and spikes are observed for positive potentials as the redistributed transmembrane potential reaches 75 mV at their peaks ( Figure 5(e) ). The experimental data were imported into python scripts for analysis, and the current for 40 voltage cycles was averaged for comparison with the model predictions ( Figure 5(e) ), smoothing the individual gating events.
The Alm channels are modeled with two conductance states observed in the MD simulations ( Figure 5(d) ). While Alm exhibits additional gating states, 49 these higher states are not included as the required membrane potential may cause undesired membrane rupture (%100 mV) FIG. 5 . Multiscale model validation through a simple DIB network with Alm channels. (a) Three droplets containing dissolved Alm biomolecules are deposited in an oil reservoir with electrodes embedded within the bordering droplets. A 100 mV sinusoidal voltage is supplied between the electrodes across the two membranes both with and without a 50 mV DC offset, and the results for 40 cycles are averaged and plotted in (d). This simple three-droplet network is recreated using the inputs from (b) and equations fit to the molecular dynamics simulation data in (c) and (d), and the predicted results are compared to the experimental results in (d).
(15) Equation (13) is modified to accommodate the multiple gating stages, and the channels are assumed to follow the progression depicted in Equation (15), progressing from closed pores through the two open conductance states. The resulting fit for these conductance states to the MD data for a single channel may be seen in Figures 5(c) and 5(d) . The ionic conductance of Alm was calculated by dividing the current by the simulated voltage from Figure 3(d) , and the gating charges and thresholds were varied until a suitable match was found.
Alm exhibits some selectivity in its conductance. 58 This is not considered here, as this primarily influences the ion concentrations within the droplets (Equation (9)), which in turn influences the Nernst potentials (Equation (8)). Here, the droplets are large (1 mm diameter), and any shifts in their compositions will take a long enough time to be considered negligible over the course of the presented experiments. This is shown in Figure 7 (c) as well.
The three droplet chain containing bi-directional Alm channels was recreated in the model as seen in Figures 5(b) -5(e) and subjected to the same applied potentials. The predicted output current matches the experimental current, exhibiting the predicted two stage gating process from Equation (15), with a brief spike in conductivity at the peak voltages ( Figure 5(e) ). This current does not follow typical Alm conductivity sweeps, as the current contains capacitive and conductive elements to test the predictions of the model. A sinusoidal voltage sweep provides the underlying phase-shifted sinusoidal capacitive current, and increasing the DC component of the command signal generates the conductive spikes due to Alm gating.
B. Model extension example
With the model validation complete, a theoretical DIB network with selective ionic pathways is constructed within the model to demonstrate the underlying links between the measured electrical signals and the changes in droplet compositions. Here, theoretical ion-selective voltage-gated channels (representative of those commonly found in plant cells) are created and simulated, including K þ , Na þ , Ca 2þ , and Cl À selective channels ( Figure 6 ). Droplets containing these channels are arranged into a network designed for sorting cations from a highconcentration source droplet to their respective storage droplets. The channels are originally dissolved within the droplets, and it is assumed that these channels distribute themselves evenly across the membranes connected to their respective droplets, resulting in a similar channels-permembrane value for each membrane. Three base channel solutions are included as shown in Figure 6 , with the tri-color droplet assuming an equal blend of the first three. Each solution contains a selective channel, and these channels are assumed to populate the membranes connected to each droplet. A voltage is applied across the interfacial membranes, and the embedded selective channels facilitate the transport of ions along their respective pathways to the ground electrodes.
Initial results are summarized in Figure 7 . As expected, the simulated ions respond to the applied potential (Figure 7(a) ), moving from droplet to droplet along their respective chains (Figure 7(b) ). Several competing effects are observed. The transport is initially aided by the chemical potentials (Equation (8)), but this gradually reverses and inhibits the transport across each membrane until equilibrium is reached. At this point, the generated chemical potential balances the supplied electrical potential. Osmotic swelling is also accounted for (Equation (10)), gradually reducing the chemical potentials through the flux of water across the membranes.
This osmotic behaviour is ultimately beneficial if the overall efficiency is defined as the total number of moles in the storage droplets divided by the total number of moles in the network, reducing the chemical energy necessary for ion transport. At first glance, this contrasts previous observations in which the osmotic diffusion reduced the efficiency of the chemicalelectrical energy conversion; 2 however, the overall mechanic remains unchanged. Osmotic flux continuously reduces the stored chemical energy in the network, allowing for continued transport when a surplus electrical energy is provided.
The surface area-volume ratio intuitively dictates the characteristic time required for equilibrium (Figure 7(c) ). The transport is limited by the channel conductivity (scaled by area, Figure 6 ), and the transport equilibrium is limited by the chemical potentials, linked to the FIG. 6 . Ion sorting example using selective pathways. A simple network is created with three pathways for sodium, calcium, and potassium transport. In keeping with the method of manufacture for DIB networks, three solutions containing different theoretical selective channels are simulated. As these droplets are connected into the networks, the channels included within each droplet will spontaneously insert themselves into the surrounding membranes. The tri-color droplet contains all three theoretical selective channels, and the dark grey droplet contains the elevated concentrations of ions that will be redistributed along their respective pathways in the network. droplet volume. The efficiency of each cation transport chain at varying geometries is plotted in Figure 7 (d). With larger droplets the overall efficiency is reduced, but the relations between the respective cations are preserved. Ca 2þ transport is the most efficient, linked to lower concentrations and higher valence charge. A deviation between the K þ and Na þ transport efficiencies is also observed due to competition between the Ca 2þ (top) and K þ (middle), which vanishes when the transport is fixed along their respective pathways rather than bleeding into adjacent droplets through unwanted channel insertion. Here, the channels are fixed into their respective pathways, rather than allowed to insert uniformly into all neighboring membranes.
IV. DISCUSSION
The primary point of emphasis for this model was the transport of charged ions between adjacent droplets, and the ability to alter or evolve the macroscopic properties of the DIB networks through these transport processes. This improves existing DIB modeling methodologies by linking the measured current and voltage data recorded during experiments to the underlying physical mechanisms responsible. The primary benefit from this approach is that the droplet networks may now be simulated with or without embedded electrodes. The electrodes commonly present in the experimental and theoretical discussions do provide a convenient source of energy for driving the material response, but this model now allows the simulation of DIB networks using chemical energy 2 or photosynthetic energy harvesting 7 sources for material activation and response, removing the previous modeling limitations that required clearly defined source and ground droplets within the material.
The end result is a step forward for modeling the DIB material concept. Currently, the majority of the published work focuses on membrane transport with a supplied voltage, but the cellularly inspired material is capable of functioning outside of the laboratory for applications such as mechanosensing, 13 energy harvesting, 59, 60 and osmotic actuation. 8, 61 These applications require a new methodology for material modeling that accurately captures the exchange between the constitutive droplets within the DIB networks, which has been successfully developed here.
V. CONCLUSION
Cellularly inspired materials are created through complex networks of biomimetic stimuliresponsive membranes separating aqueous droplet compartments through the droplet interface bilayer technique. These networks are often modeled empirically, approximating the material as a combination of capacitors and resistors. This modeling methodology has proved suitable for simulating experimental voltage-clamp results; however, these models restrict possible DIB mechanics such as osmotic actuation and chemical energy conversion.
The modeling methodology presented here develops a multiscale and multiphysics model for predicting the performance of complex networks of droplet interface bilayer membranes. The hierarchical multiscale modeling scheme developed in this work is an appropriate method for simulating these advanced applications of the cellularly inspired material and aids in illustrating the potential of the cellularly inspired material.
This model was validated against experimental results. The results were presented as traditional current-voltage relationships appropriate for the experimental design; however, the model also takes into account underlying ion concentration shifts and exchanges between the droplets. The model was then extended to an ion-sorting case employing selective channels, showing how an applied electrical stimulus may be translated into changes in the droplet chemical compositions if the characteristic droplet dimensions are reduced. The revised model allows for the incorporation of chemical and mechanical inputs in addition to the standard electrical inputs, and the modeling methodology seen here will be useful for simulating DIB network behavior outside of the laboratory.
